It can be concluded that the slow in vivo transition from the morula to the blastocyst stage allows sufficient time for allocation of inner cells to the ICM of the embryo.
INTRODUCTION
As early as 1931, a description of ovulated oocytes and two-cell embryos residing in the cow oviduct was published by Hartman and coworkers [1] . A more detailed analysis of early embryonic development from unfertilized oocyte to blastocyst stage was reported some 15 yr later by Hamilton and Laing [2] . This classical study, together with more recent data of Massip and coworkers [3] , revealed that the initial cleavage divisions of the bovine embryo occur quite rapidly after fertilization in vivo, with the 16-cell stage already being reached at about 78-86 h postovulation. More advanced embryonic stages, varying from morula to hatched blastocyst, can be flushed from the uterus between Days 5 and 10 of pregnancy [4] [5] [6] [7] [8] [9] . Morphological differentiation of the embryo involves visual changes such as compaction and blastocyst formation, followed by hatching. At about the same time, embryonic cells differentiate functionally, leading to the segregation of trophectoderm (TE) cells and inner cell mass (ICM) cells. From the ICM cells, all embryonic tissues will develop as well as a part of the Accepted July 8, 1997 . Received April 22, 1997 . 'Financial support was provided by the Belgian Ministry for Agriculture, IWONL, grant no. 5597A section 1.
2Correspondence: Ann Van Soom, Department of Reproduction, Obstetrics and Herd Health, Faculty of Veterinary Medicine, Salisburylaan 133, B-9820 Merelbeke, Belgium. FAX: 32-9-264-77-97; e-mail: ann.vansoom@rug.ac.be the Netherlands extra-embryonic membranes. Later on in pregnancy, the TE cells combine with the ICM-derived extra-embryonic membranes to form the fetal placenta. Both cell lineages are vital and essential for embryonic and fetal survival, and these two populations of cells can be demonstrated by using a differential staining technique [10] .
The timing of embryo development is gaining importance as a criterion for evaluating quality of in vitro-produced embryos [11] . Therefore, the establishment of an ideal chronology of development of embryos, produced in vivo after superovulation, might be useful as a standard control for in vitro-produced embryos. It must be noted, however, that the use of superovulation might interfere with bovine embryonic development, since this has been demonstrated for the rabbit [12] . Data for cattle on this subject are not available. Although different studies have already investigated morphology of in vivo embryos at different days postestrus, problems with estimation of the exact age of the embryos make a comparison across studies very difficult [9] . Since it has been shown that the duration of the periovulatory period in superovulated heifers can be estimated by means of LH surge determination [13] , we have reiterated morphological differentiation of bovine embryos, with a special emphasis upon timing of compaction, after determining the LH surge. In this way, we have tried to determine the sequence of bovine embryonic development with respect to the timing of compaction, blastocyst formation, and hatching.
Moreover, the segregation pattern of ICM and TE cells has not been studied in in vivo-produced bovine embryos. Although it has been studied intensively in the mouse embryo [14] , this pattern cannot be generalized for other mammalian embryos. A different segregation pattern has already been demonstrated for the porcine embryo, by using a differential staining technique to determine the number of ICM and TE cells in porcine and mouse embryos [15] . Another study described a different pattern among genetically diverse breeds within the porcine species [16] . With the increasing importance of in vitro production of bovine embryos, a similar study on these factors in in vivo-produced bovine embryos is necessary. Therefore, we have used a differential staining technique [10] adapted for the bovine embryo [17] to determine the timing of the allocation of inner and outer cells in in vivo-produced bovine embryos. This chronology of development can be used as a benchmark for comparison with differentially stained in vitro-produced embryos.
MATERIALS AND METHODS

Animals and Treatments
Thirty-five nonlactating cows of Holstein Friesian and German Red-Pie breed were housed in tie stalls and were treated in groups of 2-4 to induce superovulation. They were synchronized by two injections of 500 jig cloprostenol (Estrumate; Mallinckrodt, Aalst, Belgium) 11 days apart. Estrus occurred on average 2 days after the second prostaglandin injection. On Days 9-10 of the synchronized cycle, treatment with 500 pLg porcine FSH combined with 100 pxg pLH (Stimufol; Rhone Mdrieux, Brussels, Belgium) was initiated. A total volume of 10 ml was administered i.m. in 8 decreasing doses over 4 days. Together with the fifth FSH injection, 750 ,ug cloprostenol was injected i.m. to induce luteolysis. From 36 to 60 h after the cloprostenol injection, blood was taken every 4 h in heparinized tubes to monitor the occurrence of the LH surge. The cows were checked for heat twice daily (0800 h and 1730 h) by means of a teaser bull and inseminated twice, at 60 and 72 h after cloprostenol treatment (fixed time insemination), with a single straw of semen from a bull of proven fertility. Embryos were collected surgically or nonsurgically, depending on their presumed location in the reproductive tract.
Surgical Embryo Collection
Twelve cows at Days 4-6 after onset of estrus were locally injected with 150 ml lidocaine hydrochloride (Alfacaine 2%; Pharmalux, Musson, Belgium) in the left flank. To facilitate the manipulation of the reproductive tract, 10 ml of isoxsuprine lactate (concentration 11.58 mg/ml) (Duphaspasmin; Duphar BV, Weesp, Holland) was injected i.m. to induce uterine smooth muscle relaxation. After the abdomen was opened, the number of corpora lutea was counted. First, each uterine horn was clamped with two large hemostatic forceps at about 10 cm from the isthmus. Then the oviducts were clamped at the ampulla and dissected free from the mesoviduct. The lower oviduct and upper uterine horn was amputated between the hemostatic forcipes. The ligaments were sutured with chrome catgut 3.0 (Pharmalux), and the stump of the uterus was closed by means of a Lembert suture. The excised tissues were rushed within a few minutes to the neighboring laboratory, where the oviducts were flushed with 30 ml of Hepes-TALP medium from the ampulla in the direction of the uterine horn. The uterine tip was also flushed, and the flushings were collected in three square Petri dishes (Falcon No. 1012; Becton-Dickinson, Erembodegem, Belgium). No attempt was made to distinguish between embryonic stages flushed from the oviduct and from the uterus. Embryos were searched by means of a stereomicroscope.
Nonsurgical Embryo Collection
Twenty-three cows at Day 6 through Day 10 of the cycle were flushed nonsurgically by means of a Rusch catheter. Each horn was flushed with I L of PBS. After 30 min of sedimentation of the embryos, superfluous PBS was removed, and the remaining fluid was searched by means of a stereomicroscope for the presence of embryos.
Embryo Staining
Embryos were scored according to developmental stage and grade [7] and except for clearly degenerated or retarded embryos, were submitted to zona removal and differential staining. Zonae were removed by using pronase at 37°C (0.5% Protease; Sigma, Eupen, Belgium). When the zona became wrinkled, the embryo was transferred to acid Tyrode (pH 2.1) for 1-1.5 min and was then plunged into TALP-Hepes with 20% fetal calf serum (FCS). The zonafree embryos were cultured individually in drops of Menezo B2 + 10% estrous cow serum (ECS) for 1-2 h to recover and were then subjected to differential staining by a modification of the procedure of Hardy et al. [10] , as described earlier [17] .
Briefly, the embryos were incubated in trinitrobenzene sulfonic acid (TNBS; Sigma) for 10 min on ice, then washed in TCM 199 Hepes and incubated in anti-dinitrophenyl-BSA (ICN Biomedicals NV, Asse-Relegem, Belgium) diluted 30:70 in TCM 199 bicarbonate at 39 0 C for 30 min. After washing in TCM 199 Hepes, complementlysis was induced by putting the embryos in guinea pig complement (CL5000; Cedarlane Laboratories, Sambio BV, Uden, Holland) diluted 1:4 in TCM 199 bicarbonate supplemented with propidium iodide (Sigma; 10 pg/ml) at 39°C for 30 min. Then they were briefly washed and fixed in ice-cold ethanol. Inner nuclei were stained with Hoechst 33342 (Sigma; 10 ,ag/ml in ethanol) for 5 min. The stained embryos were mounted into 100% glycerol. Embryos were evaluated by means of epifluorescence microscopy (Dialux 20 or Leica DM RBE [Leitz Wetzlar GBH, Wetzlar, Germany]). They were first examined as whole mounts, and cells were counted by adjusting focus. If the number of cells was too high to make a clear distinction between nuclei, nuclei were counted after the embryos were gently squashed to produce a single layered image. Blue nuclei were considered as originating from inner cells, red-to-pink fluorescing nuclei as belonging to outer cells.
LH Analysis
Heparinized blood samples were centrifuged for 10 min at 3000 rpm to collect plasma. Plasma samples were stored at -20°C until they were assayed. LH contents were estimated with a standard assay by previously validated RIA methods as described before [18] . Rapid LH determination was performed on a small number of samples by a rapid solid-phase RIA method using bovine (b)LH-7981 for iodination and standard curve, and the antiserum of the standard assay.
Statistical Analyses
Differences between means were evaluated using the rank sum two-sample test (Mann-Whitney). Cell numbers in Tables 2 and 3 are presented as means SD.
RESULTS
Embryo Collection
Thirty-five cows were submitted to superovulation. Nine cows (26%) exhibited either no LH surge or failed to produce viable embryos and were excluded. The remaining 26 cows yielded a total of 208 ova and embryos (8.0 1.5 embryos/cow [mean SEM]), of which 66 were unfertilized ova or degenerated embryos. A total of 142 viable embryos were recovered from these 26 cows (5.5 -+ 1.1 embryos/cow [mean + SEM]).
Determination of LH Surge and Estimation of Embryonic Age
The mean interval between prostaglandin injection and the occurrence of the LH surge was 45. 9 5.5 h. It has been reported previously that ovulations after FSH-induced superovulation normally take place between 22 and 30 h post-LH surge [13] . In our study, we presumed that ovu- Table 1 .
Timing of Compaction
The different morphological stages that were recovered are presented in Table 1 and Figure 1 . There was an obvious progression in morphological development with time after onset of the LH surge. At 4 days postovulation, mostly cleavage-stage embryos were detected. At 5 days postovulation, embryos were at the morula stage: a clear distinction could be made between precompact morulae; compacting morulae, which had flattened cells on one side (but not on the other); and compacted morulae, in which no cell outlines were visible. Of 67 embryos recovered at Day 5, 23 (34%) had not started to compact, while 14 (21%) were in the process of compaction and 30 (45%) were fully compacted. Only 9 embryos were flushed out of 4 cows at Day 6 (2.3 ± 0.5 embryos/cow [mean + SEM]), including one 16-cell embryo: the remainder were either at the compact morula stage or at an early stage of cavitation. This low number could be due to the fact that a part of the embryos were still in the oviduct at this time [9] .
One uncompacted morula was flushed from a cow at Day 7 postovulation, whereas the same and other cows produced blastocysts. Early blastocysts were much like a compact morula, with a perivitelline space present and a small blastocoele appearing on one side of the embryo. Only blastocysts were recovered from cows at Days 8 and 9, when expansion and hatching occurred. Hatched blastocysts were smaller than expanded blastocysts, and the trophectoderm was reminiscent of a cuboid epithelium rather than a stretched flattened epithelium. One expanded hatched blastocyst was noted.
From the data presented in Table 2 , it can be deduced that compaction in in vivo-produced embryos starts around the 32-cell stage, and embryos stay compact until after the 6th cleavage division, that is, until they have reached at least the 64-cell stage. In fact, compact morulae are present in vivo from cell cycle 5 through cell cycle 7. Blastulation occurs only after the 64-cell stage in cell cycle 7, and hatching begins during cell cycle 8.
Removal of Zona Pellucida and Differential Staining
The removal of the zona pellucida was substantially different between embryos collected before and after Day 6. The zona of embryos collected nonsurgically starting at 6 days postovulation became wrinkled after 5-10 min in 0.5% pronase at 37°C, turned very thin and blackened after 1.5 min in acid Tyrode, and disappeared completely after the embryo was transferred to Hepes-TALP supplemented with 20% FCS. This was not the case in surgically collected embryos from three out of six cows. These embryos were at the 8-cell, 16-cell, and morula stages at the time of collection and were flushed out of the oviduct or the tip of the uterus (exact localization was not determined). They could stay for more than 30 min in 0.5% pronase at 37°C without any visible change in the zona pellucida. When they were transferred to acid Tyrode's solution, the zona became thinner but it did not come off when the embryos were transferred to Hepes-TALP. Several attempts were necessary and it was very difficult to remove the last remnants of the zona without damaging the embryo. Some of these embryos were not completely zona-free, which inhibited a proper differential staining (Fig. 2) . Such embryos were used only for total cell counts. In the embryos flushed out of the uterus after Day 6 postovulation, no problems occurred with zona removal or with the differential staining of compact morulae to hatching blastocysts (Fig. 2) . However, some flushed hatched blastocysts exhibited a collapse of the blastocoel, which is also known to interfere with proper differential staining (unpublished data). Collapsed hatched blastocysts had only partially lysed trophectoderm. Therefore, two collapsed hatched blastocysts were cultured overnight in Menezo B2 + 10% ECS to let them re-expand and were stained the next morning, but this did not improve the staining.
Timing of Inner Cell Allocation
Of the 142 embryos recovered, 132 were still intact after differential staining (93%), and in 107 (75%), the ICM and TE cells could be successfully distinguished. In 20 embryos, only total cell numbers could be determined because of problems with the differential staining. Five hatched blastocysts were fixed as a control to determine the number of ICM and TE cells after toluidine blue staining of serial semi-thin sections (data not shown). Table 3 shows the mean total cell number and the mean number of inner cells of the 107 embryos at different stages of development. The data show that inner cells were sporadically encountered before compaction (in some 16-cell embryos and morulae). In precompacted and compact morulae, embryos with ICM cells had a significantly higher total cell number than embryos without ICM cells (p < 0.03 andp < 0.0001, respectively). In compacting morulae, no significant differences were detected between embryos with and without ICM. Compaction and inner cell allocation occurred independently from each other. In morulae before or during compaction, inner cell numbers were rather low. However, during the sixth cleavage division (33-to 64-cell), apparently more inner cells were allocated to the ICM, resulting in embryos with at least 10 inner cells at about the 50-cell stage, with the exception of one embryo (Fig. 3) . Starting from the blastocyst stage (> 64 cells), no embryos without CM were detected. When inner cell allocation was related to age of the embryos, we found that 81% (13 of 16) of Day 4 embryos displayed no inner cells yet. This percentage decreased to 40% (19 of 48) in Day 5 embryos, and at Day 6, the only embryo without inner cells was at the 16-cell stage, but this was probably a retarded embryo. After Day 6, no more embryos without inner cells were detected.
DISCUSSION
For the first time, a detailed analysis has been made of the allocation of inner and outer cells to the two primary cell lineages in the in vivo-produced bovine preimplantation embryo. This study confirms earlier observations on the distribution of embryonic development correlated to the day postestrus [7] , or, more precisely, expressed in hours postovulation. While day postestrus is a fairly rough estimation of embryonic age, the determination of the LH surge provides more exact information on the time of ovulation. In cows superovulated with FSH, with the same regime used as in our study, follicles usually started to ovulate at 22 h post-LH, and at least three quarters of all oocytes were released within a time period of about 4 h [13, 20] . It is assumed that gamete interaction and fertilization occur almost immediately after the ovulated oocyte enters the oviduct containing the capacitated sperm, because sperm penetration, oocyte activation, and abstriction of the second polar body is already completed at 3-4 h after ovulation [21] . Immediate fertilization of the superovulated oocyte was confirmed by Laurincik and coworkers [20] , when they found close apposition of both pronuclei as early as about 12 h after the estimated time of ovulation. Apart from this improvement of estimation of embryonic age, LH detection is meaningful for comparing studies using different superovulatory treatments. It may be more difficult to compare different developmental stages at a particular stage of pregnancy in studies in which no LH detection was performed. As pointed out by Hackett and coworkers [9] , unrecognized differences can exist in the timing of the treatments or the calculations of the day of pregnancy between different studies. By using the chronology of morphological development that was determined in our study, it becomes possible to relate timing of morphogenesis to embryo quality in vitro [11] . Morphogenesis in in vivo-produced bovine embryos differed from in vitro embryo morphology as far as duration of compaction and cell number at cavitation is concerned. The compaction process was clearly influenced by cell cycle, since most compact morulae were beyond the fifth cleavage division. This confirms earlier observations that also mention that compaction in cattle takes place at the 32-cell stage, both in in vivo-and in vitro-produced bovine embryos [22] [23] [24] . Remarkably, in vivo compacted morulae were found with as much as 95 cells, implying that the compacted state remains unchanged during more than one cleavage division in in vivo embryos. This has been confirmed in earlier studies, which have shown that in vivo blastulation starts at about 100 cells [25] . It is tempting to speculate that, because of the interaction with the maternal cells, the compact morula will not start blastocoel formation 
-derived bovine embryos. From the data presented in this study, one can infer that more pronounced compaction and later blastulation in in vivo-produced bovine embryos leads to more reliable ICM cell numbers. Studies describing morphogenesis and ICM allocation in in vitro-derived bovine embryos mention short duration of compaction and early blastulation, which might be a cause for the sometimes lower ICM cell numbers demonstrated for in vitro embryos [17, 24, 26, 27, 38, 40-421. before it has reached the 64-cell stage (Fig. 4) . In vitro blastocysts, in contrast, are generated earlier, during the sixth cleavage division, between the 32-and 64-cell stage [26] . This difference would imply that the maternal control, which is absent during in vitro culture conditions, can no longer inhibit formation of blastocoel fluid, resulting in an expansion of the blastocoel. This could also account for the less obvious compaction of the in vitro-produced morula: due to lack of inhibition of blastocoelic fluid formation, the morula cannot contract or flatten its cells completely during the process of compaction and will almost immediately complete the transit to the blastocyst stage. It has indeed been noted that in vitro-produced bovine embryos fill the space inside the zona completely before any evidence of blastocoel is discernible [26] .
The hatched blastocyst stage also differed in comparison with in vitro-produced hatched blastocysts. Hatched in vivo-produced blastocysts appeared to be no larger than expanded blastocysts, and in fact they were mostly smaller than an embryo that is still within the zona, perhaps because of a collapse of the blastocoel. This small blastocoel cavity (Fig. 1) is totally different from the very large expanded blastocoel that has been described for in vitro-produced hatched bovine blastocysts of the same age [27, 28] . It appears that the physical force of blastocoel expansion is more important for in vitro hatching than for in vivo hatching. Gonzales and Bavister [29] hypothesized that in the hamster, the uterus contributes to the zona escape in vivo. They found a small blastocoel cavity in in vivo-hatched hamster embryos: the in vivo hatching process occurred by global zona dissolution, with complete disappearance of the zona. In vitro hamster embryos were not able to hatch before they had reached twice the mean cell number of in vivo-developed embryos, and hatching took place by focal lysis of the zona and repeated collapsing and expansion, much as has been described for bovine embryos in culture [30] . Despite these similarities between in vivo-and in vitro-produced bovine and hamster embryos, it is very unlikely that in cattle maternal enzymes digest the zona pellucida, because empty zonae pellucidae can still be found in uterine flushings several days after hatching [31] .
Differences in zona resistance between in vivo-and in vitro-produced bovine embryos have been reported before [32] . Zonae of in vivo-derived embryos proved to be more resistant to pronase treatment than those of in vitro-produced embryos [32] . In our study we also observed a difference between some surgically collected embryos and flushed embryos, which differ in their age and their presumptive localization in the reproductive tract. It has been known for quite some time that estrus-associated glycoproteins secreted by the oviduct are bound to the zona pellucida [33] . These glycoproteins presumably provide the early embryo with resistance to proteases via their bulky oligosaccharide side chains [34] . The stronger resistance of the zona of some of the younger embryos that were surgically collected could be related to the adherence of these oviduct proteins, which could perhaps be lost upon arrival in the uterus or could be degraded in the uterus in preparation for the hatching process. This hypothesis has recently been confirmed by a study by Duby et al. [35] , who found that the incubation of bovine embryos in oviducts prolonged the time necessary for pronase digestion of the zona from about 4 min (control) to at least 45 min or even more than 120 min. Furthermore, it has been reported that bovine tubal oocytes differed from immature and in vitro-matured bovine oocytes in the content and distribution of terminal sugars of glycoconjugates [36] . The study of inner cell allocation is based on immunosurgery, first described by Solter and Knowles [37] . By the formation of a functional tight junction system, which excludes the binding of antibodies to internally located cells, it is possible to distinguish between inner and outer cells in the preimplantation embryo. In our study, we have sporadically found inner cells in 16-cell embryos and precompacted morulae. In firmly compacted morulae of about 50 cells, at least 10 inner cells were present, with one exception that had only 1 inner cell and a total cell number of 51. This finding substantiates earlier evidence found in in vitro embryos that compaction and establishment of a functional tight junction seal are independent mechanisms in bovine embryos [17] . The development of the tight junction seal might be more dependent upon embryonic age or upon its localization in the reproductive tract (uterus) than upon morphological stage. The number of inner cells gradually increased in more advanced developmental stages until about 60 inner cells were found in hatched blastocysts. It can be stated that a substantial proportion of an in vivoproduced hatched blastocyst is occupied by the ICM (about 32%), while some in vitro-hatched blastocysts are merely trophectoderm vesicles instead of real embryos [38] . This finding has important consequences for embryo viability after transfer, as has been demonstrated in a recent study in the mouse [39] . Mouse fetal development after transfer was positively correlated with number of blastocyst cells and with ICM development, but not with number of TE cells or hatching ability [39] .
It has earlier been demonstrated that morphological differences exist between in vivo-and in vitro-derived bovine embryos [40] [41] [42] . In the present study, no direct comparison was performed between in vivo-and in vitro-produced bovine embryos, but from retrospective analysis of previous findings in in vitro embryos, one can infer that blastocyst formation starts earlier in in vitro-produced bovine embryos, both with respect to embryonic age (at Day 5 postovulation/fertilization) and to cell number (cell cycle 6: Fig.  4 ) [26] . In vivo morulae display a more firm and prolonged compaction, and they start blastulation at a later embryonic age (at Days 6-7 postovulation) and cell number (cell cycle 7: Fig. 4 ). This prolonged state of compaction probably allows a better allocation of ICM cells in in vivo embryos, whereas it has been shown that under certain in vitro culture conditions, ICM cell numbers are lower than expected [17, 38, 39] . The contact of in vivo embryos with the maternal genital tract might switch on certain genes that encode for developmentally important processes such as the gene encoding for tight junction formation (ZO-1 in the case of inner cell allocation) or for cell-cell adhesion (uvomorulin in the case of compaction) or for enzyme activity (Na+K + ATPase in the case of blastocyst formation) [22] . It has been shown recently that genes can be expressed differently in bovine embryos produced in vivo and those produced in vitro [43] . The connexin 43 gene encodes for gap junction formation and was detected in in vivo-produced morulae and blastocysts, as well as in in vitro-produced morulae, but not in in vitro-produced blastocysts. This confirms the earlier findings [44] that in vivo-produced bovine embryos seem to exhibit limited gap junctional communication at the compact morula and expanded blastocyst stages, and in vitro-produced expanded blastocysts showed no dye transfer at all.
The chronology of development of the embryo as it occurs in vivo should be considered as the ideal and should be used to validate embryo quality under in vitro culture conditions. Although timing of development in vitro remains a valuable criterion for selecting the most viable embryos out of a certain in vitro culture system [11, 38] , more attention should be paid to the subtle differences in timing or morphology of development between in vivo-and in vitro-produced embryos, such as short or long duration of compaction, slow or quick expansion of the blastocoel, and also possible differences in the hatching process [29] . Hence, adequacy of different culture systems for embryo development in vitro should be tested by controlling for normal morphological differentiation and for allocation of a sufficient number of ICM cells to in vitro-produced blastocysts [39] .
